Introduction
Mercury is a heavy metal of environmental concern because elevated concentrations can be toxic to all living organisms. Mercury has no known biological function, and human exposure to Hg is considered undesirable and potentially hazardous (1, 2). Generally, humans and organisms do not easily eliminate Hg, and as a result, Hg tends to concentrate in their tissues (bioaccumulation). When ecosystems are exposed to high Hg concentrations, the highest Hg concentrations are generally found in the highest trophic levels of the food chain, a process called biomagnification. High concentrations of Hg in humans adversely affect the central nervous system, especially the sensory, visual, and auditory parts that affect coordination (3) . In extreme cases, Hg poisoning can lead to death (1, 2, 4) . For all organisms, the early stages of development (especially embryos) are the most sensitive to Hg (4, 5) .
Consumption of fish and fish products is the primary pathway of Hg uptake in humans (3) . However, human exposure to Hg through inhalation and ingestion of particulates originating from Hg mines has not been well studied, although Hg contamination originating from gold mine tailings has been evaluated (6) (7) (8) . Mine wastes in areas of past Hg mining are especially problematic because these wastes contain highly elevated concentrations of Hg (9) (10) (11) . The dominant form of Hg ore worldwide is cinnabar (HgS, hexagonal); however, during retorting, cinnabar ore is converted to elemental Hg (Hg 0 ), which is the final product of Hg mining (10) . Mine waste calcines found at Hg mines are known to contain unconverted cinnabar, but in addition, calcines contain minor metacinnabar (HgS, isometric, metastable relative to cinnabar), elemental Hg°, and highly reactive Hg compounds such as Hg chlorides (mercurous and mercuric), oxides, oxychlorides, and sulfates, which are formed during ore retorting (11) (12) (13) (14) .
Various studies of mine runoff water and laboratory experiments indicate that Hg mine wastes have the capacity to release (leach) significant concentrations of Hg into watersheds downstream from Hg mines (9, 11, (15) (16) (17) (18) . Leaching experiments of Hg mine wastes using water to simulate storm runoff conditions have shown a high potential to release Hg into aquatic systems surrounding Hg mines (15) . Previous research has reported bioaccessibility of Hg using in vitro studies of soil (6, 19, 20) , but little is known about the release of Hg into human body fluids during ingestion or inhalation of Hg-bearing mine-waste calcines that are highly enriched in Hg. Throughout the world, minewaste calcine has been used in road construction for many years, and in addition, recreational areas, homes, farms, and gardens are built on top of calcines or abandoned Hg mines, and towns are on, or are in near proximity to, abandoned Hg mines (9, 10, 14, 15) sall of these practices and situations potentially lead to human ingestion and inhalation of calcine particulates.
The objective of this study was to evaluate leaching of Hg and Hg bioaccessibility when samples of Hg mine-waste calcine were leached with (1) a simulated human gastric fluid, (2) a simulated human lung fluid, (3) a protein-enriched serum-based fluid (RPMI-1640 with fetal bovine serum, developed by Roswell Park Memorial Institute, used for the culture of human normal and neoplastic leukocytes), and (4) deionized water acidified to pH 5.0. Resultant leachates were analyzed for concentrations of Hg. In addition, in vitro cell line experiments were carried out to evaluate effects on cultures of living cells (cell lines) when they are exposed to contaminants, such as high concentrations of Hg. Calcines used in this study were collected from two sites (a) Almadén, Spain, (38°47′, 4°51′), and (b) Terlingua, Texas (29°19′, 103°3 7′).
Study Areas
Samples of mine-waste calcine were collected from Almadén, Spain, the world's largest Hg mining district, which has produced over 286 000 000 kg of Hg during more than 2000 years of mining (21) . Production from Almadén represents more than 30% of the total known Hg produced worldwide (22, 23) . Mining activity at the Almadén mine ceased in May 2002, but significant piles of mine-waste calcine remain throughout the Almadén district. Mine waste calcine was also collected from Hg mines of the Terlingua district, Texas. Mercury was mined in this area from 1888-1973 (24, 25) , but these mines are now inactive. Total production from this region was >5 000 000 kg of Hg (24) . Consequently, the Terlingua district ranks as the third largest Hg producing region in the United States, and only Hg mines in the California Coast Ranges (120 000 000 kg of Hg) and McDermitt, Nevada (10 000 000 kg of Hg) are larger (10, 26) . The Terlingua district includes over 30 separate mines (27) , but our work focused on the Mariscal, Study Butte, Mariposa, and Terlingua (also known as the Chisos mine) mines.
Similar to most Hg mines worldwide, Hg ore in the Almadén and Terlingua districts was dominantly cinnabar, but minor Hg minerals including metacinnabar, elemental Hg 0 , and Hg chlorides and oxychlorides were identified at some mines (24, 27) . Elemental Hg 0 is locally abundant in ore at some localities, especially in the Almadén district (28 
Experimental Section
Sample Collection and Preparation. Samples of mine-waste calcine were collected from various mined sites in the Almadén and Terlingua Hg mining districts. The calcine samples used in this study were collected and archived from previous studies (10, 28) . All calcine samples were stored in glass vessels with Teflon-lined lids and frozen until analysis. Prior to geochemical analysis, the calcine samples were airdried at room temperature and sieved to minus-100-mesh (0.150 µm).
Simulated Gastric Solution. A simulated gastric solution was made containing 0.4 M glycine (free base, reagent grade glycine in deionized water), adjusted to pH 1.5 ( 0.05 using HCl (trace metal grade concentrated HCl) following the procedure developed for IVBA studies of Pb in soil (29) . A solid-to-fluid ratio of 1:100 (w/v) was used for leaching by weighing 0.2 ( 0.0005 g of mine-waste calcine into a 20-mL acid-washed glass scintillation vial and adding 20 mL of the gastric solution. The samples were then placed into a Vitron dynamic organ culture incubator for 1 h at 37°C, which rotated the samples slowly at 2.5 rpm. Following incubation, the samples were allowed to settle briefly, and then the leachate was filtered with a 0.45 µm nitrocellulose syringe filter to obtain samples for Hg analysis.
Simulated Lung, Serum-Based, and Deionized Water Solutions. The simulated lung fluid used in leaching of samples of mine-waste calcine was a modified Gamble's solution adapted from previous studies (30) (31) (32) (33) . This solution was designed to model interactions of particles with extracellular lung fluids. The simulated lung fluid contained NaCl (6800 mg/L), NH 4 Cl (5300 mg/L), NaHCO 3 (2300 mg/L), H 3 PO 4 (1200 mg/L), NaH 2 PO 4 · H 2 0 (1700 mg/L), Na 2 CO 3 (630 mg/ L), Na-acetate (580 mg/L), K-acid-phthalate (200 mg/L), glycine (450 mg/L), H 2 SO 4 (510 mg/L), Na 3 -citrate · 2H 2 O (590 mg/L), CaCl 2 · 2H 2 O (290 mg/L), and citric acid · H 2 O (420 mg/ L), which was adjusted to pH 7.4 using HCl.
A modified serum-based (RPMI-1640) fluid was also used in this study to provide an indication of the interaction of the mine-waste calcines with the protein-enriched solution (used as a dosing medium for the cell line analysis discussed in the next section). The modified RPMI-1640 solution contained glucose (4500 mg/L), HEPES (2400 mg/L), NaHCO 3 (1500 g/L), Na-pyruvate (110 mg/L), L-glutamine (290 mg/ L), penicillin/streptomycin (5 mL), and fetal bovine serum (50 mL).
Deionized water leaching studies were conducted on samples of mine-waste calcine using a procedure modified from EPA Method 1312 (34) . Deionized water was adjusted to pH 5.0 using ultrapure H 2 SO 4 /HNO 3 , which is the pH recommended to simulate rainwater in the western United States (34) .
All solutions were made fresh daily before leaching and analysis. A solid-to-fluid ratio of 1:20 (w/v) was used for the simulated lung and serum-based fluids and deionized water leach studies by weighing 1.00 ( 0.05 g of mine-waste calcine into a 30 mL scintillation vial (prewashed in 10% HCl) equipped with a polyethylene mesh insert, and 20 mL of solution was added. The vials were then placed into a Vitron Dynamic Organ Culture Incubator for 24 h at 37°C, which rotated the samples at 2.5 rpm. Following incubation, the vials were centrifuged for 5 min at 15 000 rpm and the leachate was filtered with a 0.45 µm nitrocellulose syringe filter. The final leachate pH was measured using an Orion pH meter on a small aliquot of all samples. In addition to the 1-h gastric fluid and 24-h water leach experiments, timed experiments were carried out at 1/2, 1, 4, and 24 h using water and gastric fluids.
Cell Line Analysis. In vitro cell analysis was used to evaluate the potential toxicity effects of the Hg-rich calcines on cultures of living cells, with counts of viable cells following exposure compared to control used as the indicator of toxicity. A transformed rat RLE-6TN cell line (35) (American Tissue Cell Company, Manassas, VA) was used for the analysis. Rat cell lines are widely used in cell viability studies due to their relatively low cost, their similarity to human lung cells, and their successful use in various applications (36) . Cells were cultured in 12-well plates (Fisher Scientific, Pittsburgh, PA) at a density of 10 5 cells/mL. The cells were maintained in a specialty medium for rat lung epithelial cells (BRFF-RLuE culture media, BRFF, Ijamsville, MD) containing 10% fetal bovine serum and 1× penicillin/streptomycin antibiotics (Sigma, St. Louis, MO). Cell media were replenished every 24-30 h until 95% confidence was achieved. Cells were then incubated with 40 µg particle weight/mL media (following methods used in asbestos research) (37) or controls for 24 h at which time the media were removed. Cell viability was determined by the trypan blue exclusion assay (38) . Each sample was quantified in triplicate and averaged to obtain the final cell viability number (Supporting Information, Table  S2 ). These studies were conducted at the University of Arizona Steele Memorial Children's Research Center (Tucson, AZ).
Mercury Analysis. The concentration of Hg was determined in the calcine samples using an aqua-regia digestion and cold-vapor atomic fluorescence spectrometry (CVAFS) following EPA method 1631 (39, 40) . Quality control for Hg analysis was established using method blanks, blank spikes, matrix spikes, standard reference materials (SRMs), and sample duplicates. Recoveries for Hg on blank and matrix spikes were 93-121%. The relative percent difference for Hg in calcine sample duplicates was e18%. For SRMs, NIST 2704 and PACS-2 analyzed in this study, recoveries ranged from 96% to 107% of certified concentrations for Hg. Method blanks were below the limits of determination for Hg. The lower limit of determination for Hg in the calcines was 0.002 µg/g.
Concentrations of Hg were determined in the simulated body fluid leachates of calcines using cold-vapor atomic fluorescence spectrometry (CVAFS) following EPA method 1631e (41) . Recoveries for Hg on blank and matrix spikes were 95-121%. The relative percent difference of Hg in sample duplicates varied from 4% to 19% in the gastric fluid, 4% to 12% in the lung fluid, 1% to 21% in the serum-based fluid, and 1% to 16% in water leachates. Concentrations of Hg in blanks of the simulated gastric fluid, lung fluid, serumbased fluid, and water leachates were below the lower limit of determination. The lower limit of determination for Hg was 0.01 µg/L in the simulated gastric fluid and 0.05 µg/L in the lung fluid, serum-based fluid, and water leachates.
Mineralogical Studies. Scanning electron microscopy (SEM), electron microprobe (EMP), and X-ray diffraction (XRD) analysis were used.
The SEM analysis was performed using a JEOL 5800LV instrument at the U.S. Geological Survey (Denver, CO), operating in high-vacuum mode and equipped with an energy-dispersive X-ray spectroscopy. Data reduction was performed using the Oxford ISIS standardless analysis package using automated correction procedures known as ZAF corrections. Analyses were normalized to 100%. Analysis using SEM is qualitative, and thus only the presence of certain minerals were identified in this study (Supporting Information, Table S1 ).
The EMP was carried out on various Hg-mineral grains in epoxy-impregnated, polished thin sections using an automated JEOL 8900 electron microprobe with five scannable wavelength-dispersive crystal spectrometers. Calibration was performed using well-characterized Hg-mineral standards. Analytical precision based on replicate analysis of standards was better than (2% relative concentrations for major and minor elements and equal to counting statistics for trace (<1 wt %) elements.
The dominant mineralogy was determined by XRD on powdered, hand-ground samples of mine-waste calcine using a Philips APD 3720 automated X-ray diffractometer. The collected data were evaluated and minerals identified using JADE+ software (Materials Data Inc.). Semiquantitative mineralogy was determined for each sample as using general % ranges (>25%, 5-25%, <5%, and <1%).
Results and Discussion
Analysis using XRD Table S1 ). These data are consistent with field observations of calcines at various mines in the Almadén and Terlingua districts (28, 42) . However, more important are various Hg compounds found in the calcines because such compounds largely determine leaching of Hg and Hg bioaccessibility in water and the simulated human body fluids used in this study. The XRD, EMP, and SEM analyses identified several Hg compounds in Almadén calcine samples including up to 1% cinnabar (HgS, hexagonal), metacinnabar (HgS, isometric), calomel (Hg 2 Cl 2 ), and corderoite (Hg 3 S 2 Cl 2 ), as well as the presence of some montroydite (HgO), kleinite (Hg 2 N(Cl,SO 4 ) · n(H 2 O)), terlinguaite (Hg 2 ClO), and gianellaite (Hg 4 (SO 4 )N 2 (Supporting Information, Table S1 ). Calcines collected from the Terlingua district generally contained fewer identified Hg minerals in lower abundance (compared to Almadén samples), and only cinnabar was found to be present up to 1% in four of eight samples, whereas the presence of metacinnabar, elemental Hg 0 , corderoite, kleinite, and terlinguaite was observed by SEM in a few samples (Supporting Information, Table S1 ). The presence of these Hg compounds in calcines from Almadén and Terlingua is consistent with previous studies using edge-extended X-ray absorption fine structure analyses that have reported the presence of several Hg oxides, chlorides, oxychlorides, and sulfates (43, 44) . The presence of such Hg compounds in mine-waste calcine collected in this study is important even in low abundance because many Hg-bearing chlorides, oxychlorides, and sulfates are highly toxic to humans and are soluble in circum-neutral and weakly acidic water, whereas cinnabar, metacinnabar, and elemental Hg 0 are not.
Several IVBA studies have evaluated bioaccessibility of Hg in soil, which has been reported to vary from 0.3% to 46% (6, 19, 20, 45) . However, there are no known IVBA studies that have attempted to evaluate Hg bioaccessibility or leaching in calcine collected from Hg mines such as those a Data given for pH is that found at the end of the leachate experiments.
shown here. The percent of Hg bioacessibility is calculated similar to that as previously reported (6):
Of the leaching fluids used in these in vitro studies (water, gastric fluid, serum-based fluid, and lung fluid), simulated gastric fluids generally leached the most Hg from the calcines (Figure 1) . Results indicate that bioaccessibility in gastric fluid varies from 1.2% to 28% during leaching of 1 h ( Figure  2 ). These gastric results are generally consistent with previously published Hg bioaccessibility in soil, which has been reported to range from 0.3 to 46% (6, 19, 20) . Whereas the % of Hg bioaccessibility is significant when calcine samples are leached with simulated gastric fluids, a more important measurement from a potential human exposure perspective is the amount of Hg leached (in µg of Hg leached/g of calcine sample). Concentrations of Hg varied from 2.5 to 6200 µg/g in the 1-h gastric leachate of the calcine samples (Table 1, Figure 2 ). Concentrations of Hg for the majority of the calcine leachates obtained during the 1-h gastric leaching experiments exceeded both the residential (23 µg/g) and industrial (310 µg/g) screening level for inorganic Hg in soil established by the USEPA (46), but the industrial screening level is more applicable here, as this study was of industrial (mine) wastes, not residential soil. All gastric leachate Hg concentrations exceeded the probable effect Hg concentration of 1.06 µg/g, above which harmful effects are likely to be observed in sediment-dwelling organisms (47) . In addition, there is a significant correlation of Hg in calcines with Hg in 1-h gastric fluid leachates (Figure 3, r 2 ) 0.64). Highly elevated Hg concentrations in the in vitro gastric experiments are due to the presence of soluble Hg compounds, which were identified in the calcines by SEM and XRD analysis (Supporting Information, Table S1, Figure 4 ). Such soluble byproduct Hg compounds, which are known to have formed during ore retorting, have been shown by previous studies to be an important source of leachable Hg in calcines (12, 15, 48) . The leachability of Hg from the calcines (Figures 1-3 ) by gastric fluids of pH 1.5 suggests that ingestion of calcines into the human gastric system, either via hand-to-mouth activity or by swallowing of inhaled particles cleared from the upper respiratory tract by mucociliary action, is undesirable and potentially harmful.
Leaching of the calcine samples with water, serum-based fluid, and lung fluids also produced elevated leachate Hg concentrations, especially in samples from Almadén ( Figure  1 ). However, Hg concentrations found in leachates of the water, serum-based fluid, and lung fluids were generally lower than those found during gastric fluid leaching. The Hg concentrations for the water, serum-based fluid, and lung fluids leachates are generally lower than the 310 µg/g industrial screening level for inorganic Hg in soil established by the USEPA (Figure 1) .
A series of timed experiments (1/2, 1, 4, and 24 h) were carried out to evaluate leaching of Hg from calcines in water and gastric fluids for a 24-h duration ( Figure 5) . Results of these experiments indicated that 32-61% of the leachable Hg is obtained in the first 1/2 h of leaching using water (comparison of 1/2-h leachate Hg relative to 24-h leachate Hg) and 17-29% using gastric fluids. For all four of the timed experiments, concentrations of Hg in both the water and gastric leachates are higher in the Almadén calcine samples compared to the Terlingua calcines ( Figure 5 ), a result of a higher abundance of Table S1 ). It is unlikely that ingested material remains in the human gastric system for as long as 24 h, and the 1/2-and 1-h experiments are probably a realistic estimation of Hg that might be obtained during leaching in the human gastric system. Conversely, the 24-h experiments using water are likely a reasonable estimation of potential Hg leaching during longer-term precipitation events, whereas the shorter timed experiments (1/2 and 1 h) are likely a reasonable estimation of Hg leaching during storm events that produce high volume runoff in short durations. A rat type II alveolar epithelial cell line (RLE-6TN cells) was used for the in vitro cellular toxicity experiments. The cell line results indicate that cell counts for nearly all samples analyzed are within analytical error ((20%) using the trypan blue technique (Supporting Information, Table  S2 ). Only three samples (AMJ02, ALM04, and MAR1) indicated cell loss outside of 20%, but these are not significant. These cell viability data indicate that there was no significant cell response resulting from exposure to high concentrations of Hg in the calcines, suggesting that the cells did not have an adverse response when exposed to Hg-bearing calcines.
Data shown here indicate that long-term human exposure to airborne dust containing Hg mine-waste calcine particulates or continual hand-to-mouth exposure to Hg-bearing calcines should be limited as much as possible to avoid unnecessary ingestion of Hg. The early stages of human development are the most sensitive to Hg, and thus leachate data presented here indicate that pregnant women and young children should avoid exposure to Hg mine wastes. Abandoned Hg mines are found worldwide, and human activities in the vicinity of these mines are generally unrestricted. Of particular concern are areas near Hg mines where (1) residences have been built, (2) local road construction has made use of Hg mine wastes, (3) towns are located in near proximity to Hg mines, and (4) where farming activities take place on land contaminated by such wastes. These practices and situations may lead to undesired human exposure through inhalation or ingestion of mine-waste particulates containing high concentrations of Hg.
